Cadmium (II) ion-catalyzed degradation of ampicillin in methanol at 20°C has been studied. It has been observed that the rate values tend to saturate when the concentration of ampicillin or the metal ion is increased. The results obtained in the present study suggest that ampicillin degradation occurs through the formation of a 1:1 (SM) and 2:1 (S 2 M) ampicillin-metal complexes. These complexes decompose giving a single product (absorption maximum at 285 nm; ( p =1.82×10 4 l mol
Introduction
The opening of the i-lactam ring by a serine hydroxy group is thought to be the first chemical step in the reaction of penicillins and cephalosporins with transpeptidase and i-lactamase enzymes [1] . The first of these bacterial enzymes is the primary killing site for the lethal action of i-lactam antibiotics [2] . The second is the primary method of defence used by bacteria to resist these bactericides [3] . Both reactions are interpreted as hydroxylic addition across the ilactamic bond to give a penicilloyl enzyme intermediate, an ester of penicilloic acid. The i-lactamic bond is broken and the hydroxylic hydrogen atom migrates to the nitrogen atom of i-lactam amide. Because of the importance of the alcoholysis reaction with i-lactamic antibiotics quite a lot of theoretical and experimental research has been reported [4] [5] [6] .
In the present study we describe the decomposition of ampicillin [I] in methanol medium catalyzed by Cd 2 + , the latter, having a large ionic radius, is presumed to have a great catalytic effect. In order to obtain a kinetic scheme for the reaction, degradation kinetic data were used. The reaction occurs initially with the formation of two complexes of intact ampicillin and cadmium with stoichiometric values of 1:1 and 2:1 (ampicillin/ cadmium), respectively. The complexes decompose due to the nucleophilic attack of the methanol molecule so that at the end of the reaction a single final product is obtained. The analytical results show that this compound is a complex formed by the binding of two molecules of penamaldate derivative of ampicillin (which procedes from antibiotic degradation) to a Cd 2 + ion.
Experimental
Sodium ampicillin [I] (99% pure) was obtained from Aldrich. Methanol, CdCl 2 and Cd(NO 3 ) 2 .4H 2 O were from Merck. All other reagents used were of analytical grade.
Stoichiometric determination
The stoichiometry of the single reaction product of ampicillin degradation catalyzed by Cd 2 + ions was determined using the continuous variation method on a long-term basis (24 h).
Long-term agreement with Beer's law and application of Coleman's test
Compliance with Beer's law was verified at 285 nm in two series of solutions in which the mole ratio between ampicillin and metal was kept constant at 2:1 and 2.3:1, respectively, while reagent concentration was varied. Absorbance measurements at 285 nm were carried out on a Spectronic 2000 spectrophotometer equipped with a Selecta thermostat (9 0.1°C) 24 h after the preparation of these solutions, sufficient time for the kinetic reaction to end. Coleman's matrix method [7] was applied in graphic form to the absorbance data (A ij ) measured using a wide range of wavelengths. In this way, we determined the number of absorbent species at the end of the reaction. A ij denotes the absorbance value of a particular solution j at a specific wavelength i. The entire set of absorbance data for each series of spectra was displayed as the matric A ij .
Kinetic measurements
The kinetic measurements were made by monitoring the appearance of a reaction product of ampicillin degradation at 285 nm on a Perkin Elmer Lambda 5 spectrophotometer equipped with a thermostatic cell holder.
The reaction was carried out using a series of methanolic solutions containing different excesses of ampicillin (ranging from 10 to 500× 10 − 4 M), constant metal concentration (1×10 − 4 M), and also in ampicillin solutions of constant concentration (1× 10 − 4 M) and different metal ion concentration (ranging from 2×10 − 5 to 2× 10 − 3 M). The measurements were taken vs. methanol in 1 cm path length spectrophotometric cells.
In each kinetic experiment the reaction rate was calculated from the slope of the straight line obtained when the initial absorbance values were plotted vs. time, dA/dt, and from the molar absorptivity of degradation product, which is equal to 1.82 × 10 4 l mol
. In the kinetic mixture which contained excess antibiotic (2000:1), a zero order rate constant was obtained from the 285 nm absorbance increase.
Isolation and analysis of the degradation product
A solution with 0.7427 g of sodium ampicillin and 0.3084 g of Cd (NO 3 ) 2 .4H 2 O in 50 ml of methanol (mole ratio 2:1) was kept at room temperature for 24 h. After the completion of the reaction, the solution was then evaporated in vacuum at room temperature and cooled to around 4°C obtaining a yellowish white precipitate. The solid was filtered, washed with methanol, ether and acetone, air-dried, and finally, dried in a vacuum dessicator with P 2 O 5 .
Infrared spectra were recorded between 4000 and 400 cm − 1 on a Nicolet 20SXB using potasium bromide pellets.
1 H-NMR and 13 C-NMR spectra were recorded at 300 MHz on a Bruker AM-300 spectrometer. The powdered sample was dissolved in DMSO-d 6 using TMS as reference. Chemical analysis was performed on Perkin Elmer 2380 atomic absorption equipment. An electron impact mass spectrum was carried out on 
Results and discussion
Fig . 1 shows the spectra, of a methanol solution of ampicillin with Cd(II) ion at equimolar concentrations at different periods of time. The spectrum presents a steady rise in absorption, reaching a peak at 285 nm. The changes observed in the spectrum could be attributed either to the decomposition reaction kinetics of ampicillin or to a kinetic process in which a complex 1:1 was transformed with time to another complex 2:1, both formed by intact ampicillin coordinated with the Cd(II) ion. However, the second possibility can be ruled out, since it is known that metal ions catalyze the degradation of i-lactam compounds [6] , in both methanolic and aqueous media. The absorbance at 285 nm tends towards a constant value with time as can be seen in Fig. 2 where the spectrum at infinity was recorded. These absorbance values obtained at the end of the reaction are related to the initial concentrations of ampicillin and metal ion. Fig. 3 shows the absorbance values at infinity of kinetic mixtures with different mole ratio. We can see that the break point appears at a mole fraction value of ampicillin equal to 0.67. This value corresponds to a theoretical value for a 2:1 mole ratio. It suggests that at the end of the reaction a product, P with peak absorption at 285 nm, was formed by the binding of two molecules of an assumed ligand, produced as a result of ampicillin decomposition, to the Cd(II) ion(2:1). The shape of the plot in Fig. 3 also demonstrates that the forma- corresponding to two series of methanolic solutions with varied concentration of reagents and constant mole ratios (ampicillin:Cd) at 2:1 and 2.3:1, respectively. We obtained a family of lines radiating from the origin when A ij values were plotted vs. A 285j , as can be seen in Fig. 4 . This group of lines agrees with Beer's law throughout the entire range of ultraviolet wavelengths, and gives evidence that at the end of the reaction a single reaction product is formed. Taking this fact into account and that absorbance due to excess ampicillin is negligible at the wavelength used. We can suppose that absorbance at infinity time is produced exclusively by the reaction product, P. Thus, the molar absorption coefficient, p , was determined from the absorbance values at infinity time of kinetic solutions in the presence of excess ampicillin (from 4:1 to 16:1). The concentration of the product, P, was assumed to be equal to that of the Cd(II) ion, i.e. the reagent available in lower amounts in all kinetics experiments. The average value obtained for p was 18 1629 276 l mol
. The wavelength of maximum absorption (at 285 nm) and the value of the molar absorption coefficient can be associated with the formation of the penamaldate derivative of ampicillin [9] [10] [11] . The two atoms of sodium probably form a salt through the carboxylate group. In addition, the spectrum UV as well as the molar absorption coefficient at 285 nm (1.9 × 10 4 l mol − 1 cm − 1 ) were the expected values according to the study made in solution.
The IR bands are consistent with the proposed structure. The characteristic band of the carboxylic group is observed at 1603 cm − 1 ( as COO − ) and at 1385 cm − 1 ( s COO − ). Moreover, the distance between the two bands, 218 cm At the end of the reaction, under the experimental conditions used, only the above mentioned 2:1 compound was formed. This fact was confirmed by Coleman's graphic test which was positive for a single absorbent species (Fig. 4) . Thus, we applied the test to the spectrophotometric data Nonetheless, a band appears at 1672 cm − 1 , which can be atributted to an ester group. It indicates that the C O i-lactam is esterified in the ampicillin degradation product. The presence of the ester group is also confirmed from the 1 H-NMR spectrum, in which absorption at 3.4 ppm can be assigned to the protons of the methoxyl group [8] . In the 13 C-NMR spectrum a signal at 170.1 ppm can be observed. This signal relate to the carbon from the i-lactamic carbonile group, which appears in ampicillin at 175.5 ppm [14] . This implies the breaking of the ampicillin molecule. Fig. 5a shows the electron impact mass spectrum of the isolated solid at the end of the reaction. The proposed fragmentation mechanism for the formation of ion fragments with higher stability (m/z 233, 201 and 101) is depicted in Scheme 1. Aside from the above fragments, it is possible that the peak at m/z ratio 465 is probably due to the binding of two fragments (m/z 233) with the loss of a proton. This is not surprising if we take into account the high stability of fragment m/z 233. Ion fragments of m/z 261 would result from the loss of a R-C O group by the ligand molecule. Finally, the peak at m/z 344 can be attributed to a fragment of m/z 261 which remains linked to Cd(II) ion, losing a methoxyl group. The m/z values of the ion fragments are in agreement with the proposed formula for both the reaction product, P, and the ligand, L, the latter arising from ampicillin methanolysis. Spectrum FAB - (Fig. 5b ) presents a series of signals with a distribution of isotopic peaks which are the expected for the proposed formula. Cd isotopes contribute in an essential way to such distribution. If we take into account that the most abundant Cd isotope has a mass of 114, the peak at a value m/z 991 can be related to a molecular ion from the isolated compound with a molecular weight of 989.3 g/mol, as mentioned previously. The highest spectrum peak at m/z 612 could correspond to the ion fragment resulting from the loss of a ligand molecule (with a mass of 379.4) by the molecular ion. The peak at 757 can be related to a complex molecule which has lost a fragment of m/z 233 (formula II in Scheme 1) plus a proton. The fragment of m/z 233 is the most stable when the molecule is ionized by electron bombardment. Therefore, the LSIMS spectrum provides additional information to that obtained from the electron impact spectrum, both are in accordance with the proposed formula for product P.
Once the empirical formula and the molar absorption coefficient at maximun absorption (285 nm) for the single reaction product of ampicillin in presence of cadmiun ions was determined, we studied the kinetic formation of the product P. In order to do so, we measured the absorbance (285 nm) of methanolic mixtures of ampicillin and metal at different times. The initial rate values (6 obs ) of the kinetic process were calculated for each experiment giving the following equation:
where dA/dt is the slope of the linear plot of the initial absorbance data vs. time, and p , as noted above, equals 1.82× 10 4 l mol
. The values of 6 obs , dA/dt, and the linear determination coefficient, r 2 , were calculated by fitting the absorbance-time plots, ( Table 1 ).
The 6 obs values were related to the initial concentration of ampicillin, as shown in Fig. 6a . It indicates that the initial rate of the process decreases when antibiotic concentration increases, at high concentrations of ampicillin, the rate tends to become constant. This saturation effect is also observed with respect to the metal ion as shown in Fig. 6b . Under conditions of excess ampicillin (\ 1000 times), a constant rate was observed. Thus, in this case a linear plot of absorbance vs. time is obtained for all the reaction time. This plot has not been included due to its simplicity.
To explain the saturation curves (Fig. 6 ) we propose a scheme for the reaction where it is assumed that the formation of two complexes of ampicillin, S, and cadmium ion, M. The proposed scheme is described in Eq. 2:
where P is the reaction product. The appearance rate of this product can be written as:
The values of k (the first order constant with respect to SM) and of K e (the formation constant for the 2:1 complex (S 2 M) from the 1:1 complex (SM)) were calculated following the kinetic scheme given above, where k o is the lower rate for ampicillin degradation and can be associated to the non-catalyzed reaction rate and/or to antibiotic degradation coordinated to metal complex 2:1 (S 2 M). Its value, which corresponds to the rate asymptotic value of the curve in Fig. 6a , has been obtained in a separated kinetic experiment with a large excess of ampicillin (2000 times). Under these conditions, the rate was constant 1.41× 10
. Formation of compounds SM was assumed to be faster than their decomposition; ampicillin concentration, which was much higher than cadmium ion concentration, remained virtually constant. The equilibrium constant was therefore written as:
The concentration of SM was expressed as:
where [M] T is the initial cadmium concentration.
In practice, the concentration of the product [P] and the concentration of free cadmium ion were very small at the beginning of the reaction, and, as such, could be neglected in the calculations. Thus, the initial rate of appearance of the product, 6 obs , could be expressed as:
Taking these equations into account, the first order rate constant for formation of product k, and the association constant K e , were obtained from the kinetic data of solutions in which the concentration of Cd(II), [M] T , was kept constant as the concentration of ampicillin was varied (provided that [S] T was much greater than [M] T .). Fig. 7 shows the kinetic data plotted according to Eq. (6). The curve was fitted using the least squares method. The value of the linear determination coefficient (r 2 ) was equal to 0.994. The first order rate constant (k), calculated from the intercept (2.583 × 10 5 ) in Fig. 7 , was 3.87 ×10 In addition, this ester (intermediate derivative) appears to disrupt the thiol ring, an event that would lead to the formation of the h-methyl penamaldic derivative [12] , a compound compatible with peak absorption at around 280 nm. Much remains to be clarified as to the chemical mechanism of metal ion catalysis in the reaction of ampicillin degradation. Nevertheless, we can submit that the catalytic effect in methanolysis of i-lactam catalysed by the metal ion appears to be closely related to the different arrangement of the metal ion. min − 1 at 20°C. Considering the first order rate constant and the slope, we calculated the association constant (K e ), which was 10 3.23 l mol − 1 . On the other hand, the methanol in the medium may be involved in nucleophilic attack on the ampicillin molecule by the i-lactam carbonyl group. Such a step would be favored considering the arrangement of the cadmium ion to the ampicillin molecule. The methanol, due to its marked basicity (pK a \9), would act as a nucleophilic catalyzer, leading to the formation of the corresponding unstable penicilloic ester [13] . The breakdown of this intermediate ester would be expected to be slower than the rate of formation, since the pK a of methanol is higher than 14 [12] .
.
